Introduction
In 1967, Oettgen et al 1 have shown a potent effect of L-asparaginase against leukaemia and lymphoma in man. At present, L-asparaginase is a standard component in the therapy of childhood acute lymphoblastic leukaemia (ALL). When used alone, it causes complete remission in 40-60% of paediatric ALL cases. [2] [3] [4] Besides the well-recognised effect of L-asparaginase in paediatric ALL, some authors now propose a benefit of L-asparaginase treatment also for patients with acute myeloid leukaemia (AML), particularly for the most sensitive AML type FAB M5. [5] [6] [7] The presumptive effect of L-asparaginase is based on decreased activity of asparagine synthetase (AsnS) in leukaemic cells. 8 AsnS was described to be one of the genes related to entering S phase of the cell cycle. 9 Temperature-sensitive AsnS mutants were shown to be blocked in G 1 phase and to accumulate AsnS mRNA when incubated at nonpermissive temperature. This block could be bypassed by adding asparagine, the end product of AsnS-mediated enzymatic reaction. 10 Addition of asparagine led to a dramatic decrease in AsnS mRNA levels and reverted accumulation in G 1 phase, thus indicating the end-product regulation of AsnS expression. 10 Two different regulatory pathways converge in this regulation: unfolded protein response and endoplasmatic reticulum stress response. [11] [12] [13] [14] The expression of AsnS gene can be induced in response to both carbohydrate limitation and deprivation of various amino acids. 11, 13 In vitro experiments documented increased AsnS expression in treatment-resistant leukaemic cells. 15 Concerted increase in AsnS mRNA, protein and enzymatic activity after amino-acid deprivation suggests transcriptional control of the AsnS. 12 Several studies of sensitivity to L-asparaginase carried on patients' leukaemic cells published so far were based on the enzyme activity or the survival of the leukaemic cells during in vitro drug-resistance tests. The work carried by Ramakers-van Woerden et al identifies TEL/AML[ þ ] ALL (besides a more heterogeneous group of hyperdiploid patients) to be a genotypically defined subgroup with a higher sensitivity to L-asparaginase. 16 TEL/AML1 fusion results from t(12;21)(p13;q22) that brings together the N repression domain of translocation-ets-leukaemia (TEL) transcription repressor and the N-terminus of acute-myeloid-leukaemia-1 (AML1) transcription factor. 17, 18 The fusion of the TEL repression domain to AML1 converts AML1 to an unregulated transcriptional repressor forming a more stable complex with mSin3 corepressor. 19 Other co-repressors, N-Cor and SMRT, bind to the TEL/AML1 fusion protein together with histone deacetylase 3. 17, 20 The TEL/ AML1 fusion is the most common genetic abnormality found in paediatric ALL, present in up to 25% cases. 21 It is considered to be associated with a good prognosis, particularly in the protocols with intensive L-asparaginase treatment. 22, 23 Despite the excellent short-time event-free survival reported in this group of patients, relapses can occur. 22 We and others recently described higher levels of AsnS mRNA in TEL/AML1 
Materials and methods

Patients
A total of 20 TEL/AML1[ þ ] patients aged 2-6 years, together with the age-matched group consisting of 23 B-cell precursor ALL patients without any of TEL/AML1, BCR/ABL or MLL/AF4 fusion genes, were chosen for the analysis solely on the basis of the presentation bone marrow (BM) sample availability. For analyses regarding the risk of relapse, additional 10 TEL/AML1[ þ ] and 17 B-cell precursor TEL/AML1[À] patients with subsequent relapse were appended. A total of 26 paediatric AML patients were also analysed.
Diagnosis as well as French-AmericanFBritish (FAB) classification was made according to standard criteria. All samples were obtained with the informed consent of the children's parents or guardians. Immunophenotype and DNA ploidy was determined using a FACS-Calibur flow cytometer, as described elsewhere. 25 The presence of TEL/AML1, BCR/ABL and MLL/ AF4 fusion genes was detected by two-round nested PCR, as described previously. [25] [26] [27] The ALL patients were treated according to ALL BFM 90/95 protocols, the AML patients were treated according to AML BFM 93/98 protocols in one of the Czech Paediatric Haematology Working Group (CPH) centres. All samples were transported to our institution and processed within 30 h after aspiration. The peripheral blood (PB, n ¼ 30) of healthy volunteers as well as nonleukaemic BM (n ¼ 2) samples were tested as controls.
Cell lines
REH (TEL/AML1
[ þ ] cells, B cell precursor leukaemia cell line with translocation (12;21)) was kindly provided by R. Pieters (University Hospital Rotterdam). Nalm-6 (TEL/AML1[À] cells -B-precursor leukaemia cell line without any identified translocation) and NC-NC (normal lymphoblastoid cells immortalised by Epstein-Barr virus) were purchased from the DSMZ -German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany. Cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium with 2 mM L-glutamine, 10% of fetal calf serum (FCS) and 10 ml/l antibiotic solution (100 U/ml penicillin, 100 mg/ml streptomycin). All suspension cultures were maintained at 371C in 5% CO 2 . Cells were collected by centrifugation for 10 min at 240 g and resuspended at a density 3 Â 10 5 cells/ml in fresh medium 24 h before all experiments. For studying dynamics and AsnS gene expression, cells were cultured with L-asparaginase (Kidrolase, Rhone-Poulenc, Bellon, France) at concentrations 0.4 or 4 U/ml. Every 24 h we stained cells with trypane blue for the detection of the cell viability, analysed the cell cycle by flow cytometry and froze the cell pellets for RNA extraction. All experimental samples were run in triplicates.
Cell isolation
Cells of each cell line were collected in tubes, flasks were washed by phosphate-buffered saline (PBS; pH ¼ 7.4) and centrifuged at 240 g/10 min.
Bone marrow or peripheral blood mononuclear cells were separated by Ficoll-Paque (density 1.077 g/mL, Pharmacia, Uppsala, Sweden) density centrifugation and stored at -801C prior to the RNA extraction.
Extraction of RNA and cDNA conversion
Total RNA was extracted from a standardised amount of mononuclear cells isolated from patients or cell line using a modified method described by Chomczynski and Sacchi. 28 The total extraction volume of RNA was adjusted to the number of processed cells and converted into cDNA using MoMLV Reverse Transcriptase (Gibco BRL, Carlsbad, TX, USA) according to manufacturers instructions.
RQ-RT-PCR
Real-time polymerase chain reaction (RQ-PCR) was performed in the LightCyclert rapid thermal cycler system (Roche Diagnostic GmbH, Mannheim, Germany), according to the manufacturer's instructions. Oligonucleotide hybridisation probes were used in the system for quantification of b2micro-globulin (b2m) that served as a house-keeping gene, as described previously. 29 The AsnS transcript was detected by the set of primers from exon 4 overlapping intron to exon 5 with the SYBRGreen DNA-binding dye. The primer sequences À5 diluted SYBRGreen dye (FMC BioProducts, Rockland, MA, USA) in a final reaction volume of 20 ml. For each PCR reaction, 1 ml of cDNA template was used. The cycling conditions were as follows: initial denaturation 941C, 10 min, 45 cycles of denaturation 951C 5 s, annealing 681C 30 s and elongation 721C 15 s. A melting curve analysis was performed after each run to find any possible nonspecific amplification or primer-dimers. The melting curve analysis was performed from 641C.
Amplification and calibration curves were generated by affiliated software LightCycler 3 Data Analysis Software version 3.5.28 (Idaho Technology Inc., Salt Lake City, UT, USA). The calibration curve to assess the level of AsnS and b2m expression was achieved by dilution of REH cell line cDNA into buffered water for the experiments with cell lines. The calibration curve used for the analysis of patients' samples was prepared by a standard dilution of peripheral mononuclear cell (PBMC) cDNA obtained from healthy volunteer donors into buffered water.
For the in vitro experiments, the same aliquot of cDNA was used to prepare the dilution series in all tests. All samples were run in duplicates; the mean value was used. The normalised AsnS expression (AsnS N ) was determined as a ratio between AsnS and b2m expression levels, assessed by RQ-RT-PCR. In order to achieve highly precise values of AsnS expression, very strict criteria were applied to the samples analysed in this study. The difference of C t (threshold cycle) between duplicates was o0.5 in all instances. In order to rule out the possible differences of PCR efficacy at various cDNA concentrations, the concentration of the samples was adapted so that all samples measured were within 1-20% of the calibration curve. All samples were run in duplicates, a mean value was used for calculation of AsnS N .
Flow-cytometry analysis
CycleTESTt PLUS DNA Reagent Kit (Becton Dickinson Immunocytometry Systems, CA, USA) was used for analysis of nuclear DNA from cell suspension according to the manufacturer's instructions. Briefly, propidium iodide bound to DNA is visualised as an orange-color fluorescence area. The distribution of cell-cycle phases is analysed with CELLQuest (Becton Dickinson) and ModFit (Verity House, Topsham, ME, USA) software applications. 25 
Statistical analysis
Mann-Whitney unpaired nonparametric test was used for the analysis of the AsnS N level in the patients' and control samples. The overall distribution of AsnS N levels was tested using the Kruskal-Wallis method. MANOVA test was used for the multivariate analysis of patients' characteristics. Survival analysis was performed using Kaplan-Meier test.
Results
Growth suppression of TEL/AML1[ þ ] cells after BFM protocol-like L-asparaginase administration
We have simulated the therapeutic protocol ALL BFM 95 on REH (TEL/AML1[ þ ]) leukaemic cell line and on Nalm-6 (TEL/ AML1[À]) leukaemic cell line. L-asparaginase is administered every third day on BFM protocol. We have grown cells in RPMI 1640 medium with L-asparaginase at concentrations 0.4 and 4 U/ml, chosen according to the serum concentration measured in pharmacokinetics studies. 30 During the first part of the experiment (lasting 9 days), cells at the concentration of 0.3 Â 10 5 /ml were cultured in medium supplemented with L-asparaginase. Control samples were cultured without drug for 9 days of experiments. In parallel, cells were cultured with single (at 0 h) or repeated (at 0, 72, 144 h) administration of L-asparaginase. After 9 days, 10 5 cells/ml were transferred into fresh RPMI1640 medium without L-asparaginase, and cultured for another 9 days. After 9 days, cells were collected and reseeded at the concentration 10 5 cells/ml and cultured for 10 days more. Every 24 h, the viability of the cells was monitored, and the cell cycle analysis and collection of cells for RNA isolation was carried out.
The growth of the cells was highly suppressed at the concentration 0.4 U/ml in single and repeated administration, respectively, compared with the control group. The effect of L-asparaginase was enhanced in the group cultured with 4 U/ml of L-asparaginase (Figure 1a ). In the second part of the experiment, after 9 days of cultivation in a medium without L-asparaginase, the group pretreated with only a single dose of 0.4 U/ml L-asparaginase restarted to proliferate. The growth of cells pretreated with a single dose of 4 U/ml of L-asparaginase was detectable after a total of 19 days in L-asparaginase-free medium. In spite of L-asparaginase absence, the group previously treated with a repeated dose of 4 U/ml maintained cell growth suppression (Figure 1b) . The data are summarised in Table 1 .
The experimental procedure had to be modified in order to compare the REH and Nalm-6 cell lines. Nalm-6 cell line has a shorter doubling time (36 h) and rapid medium consumption not allowing a long-term culture in unchanged medium. In order to provide sufficient amount of nutrition, the cells were transferred into a fresh medium with appropriate concentration of L-asparaginase, every third day. During this experiment, REH cell line was kept under the same conditions as Nalm-6 cell line. Cells were cultured without (control group), with single (at 0 h) and repeated (at 0, 72, 144 h) administration of L-asparaginase (4 U/ml). After each 24 h, the same parameters were detected, as described in the previous experiment (Tables 2 and 3, Figure 2 ). Cells (10 5 /ml) were also transferred into RPMI 1640 medium without L-asparaginase and cultured for 8 days. After 8 days, cells were collected and reseeded at the concentration 10 5 cells/ ) is expressed on the y-axis.
L-asparaginase blocks the cell cycle of TEL/AML1 þ cells O Krejci et al ml and cultured for 11 more days. The inhibition of cell growth was superior in the REH culture. We have observed no effect of repeated L-asparaginase administration on the prolongation of growth inhibition of Nalm-6 after its transfer into a medium without L-asparaginase (data not shown).
Cell cycle analysis
In the course of the experiment simulating the BFM therapeutic protocol, we analysed the cell cycle of leukaemic cells treated with L-asparaginase. We have found a significant difference between REH and Nalm-6 cell line. Flow cytometry analysis showed the REH cells being accumulated in the G1/G0 phase. The percentage of the cells in S and G2/M phases after single or repeated administration of L-asparaginase is presented in Figure 3 . Most of the REH cells were found to be in the G1/ G0 phase: 81-98% with a single dose, 91-98% with a repeated dose. The growth of Nalm-6 cells was unaffected by L-asparaginase throughout the experiment. In average, only 51-60% with a single dose and 47-57% with a repeated dose of Nalm-6 cells were in G1/G0 phase.
AsnS dynamics in cells treated with L-asparaginase
To determine the influence of L-asparaginase on the AsnS gene expression, REH cell line, Nalm-6 cell line and nonleukaemic B-lymphoid cells (NC-NC cell line) were cultured in the absence (control group) or presence of L-asparaginase. The following experiment was designed to provide a detailed insight into the dynamics of AsnS gene expression in the short period Number of doses and concentration of L-asparaginase (U/ml). L-asparaginase blocks the cell cycle of TEL/AML1 þ cells O Krejci et al after L-asparaginase administration. After 24 h incubation in fresh medium, 4 U/ml L-asparaginase was added. This concentration was shown to completely hydrolyse the amount of asparagine present in the medium (our unpublished results and Hutson et al). 12 The cell samples were isolated at time points 3, 6, 9 and 12 h after L-asparaginase administration. The basal level of AsnS N and induced level of AsnS N was determined by RQ-RT-PCR. The level of basal transcription in untreated (control) group of REH and NC-NC cells was 3.9 and 3.8 times lower than that of the Nalm-6 cells. The AsnS N in the control groups remained stable over the period of 12 h in all three groups. The absolute level of induced AsnS N depended on the initial level. The relative rate of induction calculated as a ratio between induced (treated group) and basal (control group) AsnS N at each time point is nearly the same for the leukaemic and normal cells (Figure 4a, b) .
RNA stability assay
The possible time-dependent degradation or upregulation of AsnS and b2m transcripts in BM or PB samples was evaluated. The TEL/AML1[ þ ] BM diagnostic sample was divided into seven aliquots. One aliquot was processed within 3 h from the aspiration and the others were left at room temperature and processed at 6, 24, 30, 48, 54 and 78 h after the sample was taken. This experiment was performed twice. The sample of PB from healthy volunteers was divided into six samples. One aliquot was processed within 3 h from the aspiration and the others were left at room temperature and processed at 6, 12, 24, 36 and 48 h after the sample was taken. This experiment was performed eight times. RNA stability assay showed no increase of AsnS N over 36 h in both TEL/AML1[À] and [ þ ] samples. Therefore, we ruled out significant artificial changes of AsnS N in samples before processing.
Patients with TEL/AML1[ þ ] ALL
We have compared AsnS expression in the BM samples taken at presentation in paediatric patients with acute leukaemia. Our group consisted of patients with TEL/AML1[ þ ] ALL aged 2-6 years (n ¼ 20), and B-cell precursor ALL patients without TEL/ AML1, BCR/ABL or MLL/AF4 fusion genes diagnosed at the age of 2-6 years (n ¼ 23). The TEL/AML1[ þ ] patients showed significantly higher AsnS N (median ¼ 0.823) compared to TEL/ AML1[À] patients (median ¼ 0.416; P ¼ 0.008). Both of these groups showed significantly higher AsnS N compared to the PB of healthy individuals (median ¼ 0.087; Po0.0001) (Figure 5a ). The overall distribution of AsnS N was nonrandom (Po0.0001). We also analysed AsnS expression in unsorted and CD34 
AsnS expression in AML subtypes
We also analysed AsnS expression in blasts of patients with AML FAB M1 and M2 (n ¼ 10), patients with AML FAB M4 (n ¼ 9) and patients with AML FAB M5 (n ¼ 7). The AML subgroup FAB M5, known to have highest sensitivity to L-asparaginase among AML, showed significantly lower AsnS N in diagnostic samples (median ¼ 0.215) compared to the group of AML FAB M1/M2 (median ¼ 0.503; P ¼ 0.04). All tested AML subtypes, AML FAB M1/M2, M4 and M5 showed higher AsnS N compared to the PB of healthy individuals (Po0.001, P ¼ 0.002 and 0.006) (Figure 5a ).
AsnS expression of TEL/AML1[ þ ] ALL patients with subsequent relapse
The TEL/AML1[ þ ] patients with subsequent relapse (n ¼ 10) had lower AsnS N in the BM sample at initial diagnosis (median ¼ 0.261) compared to TEL/AML1[ þ ] patients who stayed in first complete remission (CR1) (n ¼ 20; median ¼ 0.823; P ¼ 0.002) (Figure 5b ). The median time to relapse in the 'relapse group' was 33.5 (12-57) months; the median follow-up of the group in CR1 was 62 (35-75) months. Moreover, the event-free survival in the TEL/AML1[ þ ] group was significantly better for patients with AsnS N above the median (P ¼ 0.00028) ( Figure 6 ).
We did not observe a similar difference in the group of B-cell precursor ALL without TEL/AML1 fusion gene. expression and no trend were observed (median AsnS N ¼ 0.456; median AsnS N ¼ 0.427, respectively, data not shown).
Discussion
It is assumed that the sensitivity of the cells to the treatment with L-asparaginase is a result of multiple mechanisms including AsnS expression and enzymatic activity, 12, 15 amino-acid transport 31 and a demand for asparagine in cells. We focused on the relationship between the sensitivity to L-asparaginase and the expression of its antagonist -AsnS.
We have used TEL/AML1[ þ ] (REH) and TEL/AML1[À] (Nalm-6) cell lines for in -vitro model. Cytotoxicity assay showed a higher sensitivity of REH to L-asparaginase compared to Nalm-6 (data not presented). This is in confluence with the data published on patient samples. 16 The basal AsnS levels of REH and Nalm-6 cell lines are in the range observed in patient samples. The basal level of AsnS expression in Nalm-6 is higher compared to the REH cell line, which is opposite to the general trend observed in patients. Nevertheless, due to the large overlap of TEL/AML1[ þ ] and TEL/AML1[À] patients, each of the cell lines may perfectly represent a particular patient. Still, cell line models were used solely for the expression induction experiments and no conclusions should be made on the basis of their initial AsnS expression levels. We disproved the first hypothesis tested that the ability to induce AsnS expression under the treatment with L-asparaginase would discriminate between L-asparaginase-sensitive, hypersensitive and insensitive cells. Rather surprisingly, the rate of AsnS expression induction after L-asparaginase administration was similar in TEL/AML1[ þ ] and TEL/AML1[À] leukaemic cell lines. Moreover, the rate of AsnS expression induction of both leukaemic cell lines did not differ from the nonleukaemic lymphoblastoid cell line. These results indicated that a distinct sensitivity to L-asparaginase is an apparently more complex mechanism than simply insufficient induction of AsnS expression. However, a significant difference was seen when AsnS expression was studied in the healthy controls and ALL patients. The AsnS N was elevated in the presentation samples of patients with B-cell precursor ALL compared to the healthy controls. We found significantly higher AsnS N level in the presentation samples of TEL/AML1[ þ ] ALL patients compared to TEL/AML1 [À] patients. This observation is in a perfect confluence with the data presented by Stams et al, 24 although it contradicts what always has been thought, namely that a high level of AsnS expression is related to L-asparaginase resistance and not sensitivity. Conversely, both studies indicate an existing relationship between sensitivity to L-asparaginase and AsnS expression in untreated cells.
In 1992, Colleta et al 9 described AsnS to be a cell cycle 'earlydelayed response gene'. Temperature-sensitive AsnS mutants, when exposed to nonpermissive temperature, could not proceed through the cell cycle, and compensationally increased AsnS transcription. 10 We propose that a similar compensatory mechanism of cells unable to progress through the G 1 checkpoint can cause elevated AsnS N in samples of TEL/ AML1[ þ ] ALL patients. This is indeed supported by the S-phase arrest which we observed in TEL/AML1[ þ ], but not the TEL/AML1[À] leukaemic cell line when incubated with L-asparaginase. It is known that enzymatic activity of L-asparaginase causes not only asparagine, but also glutamine depletion in media. 32 Glutamine concentration was also shown to be crucial for progression into the S phase of the cell cycle in various cells including lymphocytes. [33] [34] [35] These findings together with our results led us to the hypothesis that TEL/AML1[ þ ] cells are unable to progress into the S phase of cell cycle under nutrition stress caused by L-asparaginase. In contrast, TEL/AML1[À] cells are able to proceed through cell cycle under L-asparaginase treatment. This fact is then demonstrated with a different sensitivity to L-asparaginase between these two groups.
The TEL/AML1[ þ ] group of ALL is generally considered to have an excellent prognosis, although relapses can occur. 21, 22, 36 We compared AsnS N in the presentation samples of the TEL/ AML1 patients with subsequent relapse, and those who sustained complete remission. Both groups had a comparable length of follow-up. The TEL/AML1[ þ ] ALL group with subsequent relapse displayed significantly lower levels of AsnS N , similar to the TEL/AML1[À] group. This may reflect a lower sensitivity of leukaemic cells of these patients to L-asparaginase treatment. This effect was also demonstrated in the event-free survival analysis of TEL/AML1[ þ ] group.
It has been proposed earlier 22 that the better outcome of TEL/ AML1[ þ ] children on DFCI protocols 23 might be due to a higher L-asparaginase dose. Better sensitivity to L-asparaginase is believed to be the only treatment-related factor that would distinguish between TEL/AML1[ þ ] and [À] patients. Therefore, quantitative determination of AsnS levels in diagnostic samples might provide a potentially powerful tool for the identification of TEL/AML1[ þ ] patients at risk of relapse.
Figure 6
Event-free survival of TEL/AML1[ þ ] patients with high and low expression of AsnS at presentation. TEL/AML1[ þ ] patients with (n ¼ 10) and without (n ¼ 20) subsequent relapse of the disease were pooled. The median value of AsnS expression (0.6) was used as a cutoff for the separation into groups with 'high' (n ¼ 15) and 'low' (n ¼ 15) AsnS expression, respectively. Crosses represent patients still at risk of relapse.
